Objective: The effect of gestational multivitamin supplementation on the development of obesity in rat offspring fed an obesogenic diet was investigated. Design: Pregnant Wistar rats (n ¼ 10 per group) were fed the AIN-93G diet with the recommended vitamin (RV) content or a 10-fold increase (high vitamin, HV). At weaning, 10 males and 10 females, from separate dams, and from each gestational diet group were weaned to the liquid obesogenic diet for 48 weeks post-weaning. Measurements: Body weight (BW) was measured weekly, and food intake over 24 h was measured once every 3 weeks for 24 weeks. Every 4 weeks, after an overnight fast, food intake over 1 h was measured 30 min after a gavage of water or glucose. An oral glucose tolerance test (OGTT) was carried out every 3-5 weeks. Post-weaning fasting glucose, insulin, ghrelin, glucagon-like peptide 1 (GLP-1), and systolic blood pressure (SBP) were measured. Results: No difference in BW at birth or litter size was observed. Males and females from HV dams gained 17% (Po0.05) and 37% (Po0.001) more BW at 48 weeks post-weaning, and consumed 18% (P ¼ 0.07) and 20% (Po0.05) more food. One-hour food intake after water and glucose preloads was 27% (Po0.01) and 34% (Po0.05) higher in males from HV dams. Fasting ghrelin and GLP-1 were 27 and 32% higher in males from HV dams at weaning (Po0.05). Blood glucose response to the OGTT was greater in both males and females from HV dams at 13 weeks post-weaning (Po0.05), and the insulin resistance index was 76 and 43% higher in females from HV dams at 14 and 28 weeks post-weaning (Po0.05). SBP was 23 and 16% higher at 44 weeks post-weaning in male and females (Po0.01). Conclusion: High multivitamin intake during pregnancy increases the phenotypic expression of obesity and components of the metabolic syndrome in both female and male rats fed an obesogenic diet.
Introduction
The prevalence of early life onset of obesity has increased worldwide in the past three decades. 1, 2 It is generally agreed that a change in the genome alone over three decades cannot account for the rapid increase in prevalence of obesity, although genetics is a strong determinant of heritability. 3 Change in the genetic background of the population occurs slowly by assertive mating, selection, demographic changes and epigenetic effects. 4 Therefore, environmental factors are believed to be the primary catalyst, including the wide availability and variety of energy-dense convenience foods, the predominance of sedentary lifestyles and unstructured family eating habits. 2, 5 However, an interaction between the fetal genome and maternal nutrition during pregnancy also determines the response of offspring to an obesogenic environment. [6] [7] [8] Current thought is that epigenetic effects of nutrients and other dietary factors (for example, antioxidants) during embryonic development, but not gene mutations, provide a plausible link between genetic makeup and susceptibility to developing chronic diseases. 9 Concurrent with the increased prevalence of obesity and the metabolic syndrome over the past 30 years, there have been several changes in dietary patterns, including increased intakes of energy, polyunsaturated and trans-fatty acids, sugars and rapidly digested carbohydrates, and bioactive components, such as vitamins and minerals through supplementation and fortification of foods. 2, 10 The effect of these changes in maternal diet on the development of the offspring and risk for chronic diseases has received little investigation.
The focus of our investigations is on vitamins for several reasons. First, food-fortification policies, discretionary additions of vitamins to foods and recommendations for vitamin intake during pregnancy have led to the concern that for some women intakes exceed the upper limits of intake set by the National Academy of Sciences. 11 Furthermore, this increased availability of vitamins in the maternal diet has occurred concurrently with the obesity epidemic. 10, 12 Second, vitamins involved in methylation reactions are known to alter gene expression through epigenetic modification. 13, 14 The diets containing high levels of the methyl donors, choline and betaine, and methyl-metabolism cofactors, folate and vitamin B 12 , and fed from before pregnancy to the end of lactation to inbred mice expressing the viable yellow Agouti 15 or kinky tail genes 16 resulted in increased methylation and suppression of the gene defect.
The suppression of expression of the Agouti gene (A  vy ) results in a greater number of the litters being born with the dark, rather than the yellow coat color, and with the lean rather than the obese phenotype. 15 In contrast to the suppression of obesity in the Agouti model, we found that in an outbred rat model, which may be more relevant to human populations, feeding pregnant Wistar rats a high multivitamin diet (10-fold the control) led to male, but not female, offspring with higher body weights (BWs) and expressing components of the metabolic syndrome when fed the AIN-93G powder diet. 17 Third, because susceptibility to obesity is attributed to the obesogenic environment, we explored further the effect of the high multivitamin gestational diet on the expression of the obesity phenotype in the Wistar rat offspring when exposed to an obesogenic diet. We hypothesized that a liquid obesogenic diet would accentuate the effect of multivitamin supplementation of the gestational diet on the phenotypic expression of obesity in both male and female offspring of the Wistar rat.
Materials and methods

Animals and diets
First-time pregnant Wistar rats were purchased from Charles River Inc. (Montreal, QC, Canada). On arrival, at the third day of pregnancy, they were housed individually in ventilated plastic transparent cages with bedding in a 12:12-h light-dark cycle (lights on at 0600 hours), at a temperature of 22±1 1C. The pregnant rats had free access to water by an automated water system. The University of Toronto Animal Care Committee approved the protocols and maintenance of the animals conforming to the Guidelines of the Canadian Council on Animal Care. From third day of pregnancy to term, dams were fed the AIN-93G diet 18 containing either the recommended vitamin (RV) level or 10 times higher vitamin (HV, high vitamin) content by addition of the AIN-93 vitamin mixture. The composition (in g kg
À1
) of the AIN-93G diet was cornstarch (529.4), high-protein casein (200), sucrose (100.1), soybean oil (70), cellulose (50), vitamin mixture (10), mineral mixture (35) , choline bitartrate (2.5) and tertbutyl hydroquinone (0.014). Cornstarch, casein (87%) and cellulose were purchased from Harlan Teklad (Madison, WI, USA). The vitamin mixture, mineral mixture, choline bitartrate and tertbutyl hydroquinone were purchased from Dyets (Bethlehem, PA, USA), whereas sucrose and soybean oil were purchased from local suppliers in Toronto, Ontario, Canada (Allied Food Service and Loblaws, respectively). Each 10 g of vitamin mixture contains 9.75 g of sucrose as a carrier. Hence, in the HV diet, the added sucrose was reduced to 9.5 g to adjust for the 97.5 g addition from the vitamin mixture. The vitamin additions used in the HV diet were much below the level expected to have teratogenic effect and half the lowest intake of vitamins known to have an adverse effect in rats. 19, 20 During lactation, all dams were fed the RV diet. At weaning (21 days after birth), pups were housed individually in ventilated transparent plastic cages with bedding and fed the liquid obesogenic diet. 21 The obesogenic diet is a blended mixture of 330 g of the AIN-93G diet, 330 g of condensed milk (Loblaws), 70 g of sucrose (Allied Food Services), and 270 g of water. The macronutrient breakdown (in g kg
) for the obesogenic diet is carbohydrate (728.4), protein (147.3) and fat (78.9). The sources of fat are from soybean oil and condensed milk. The forms of fat (% of total) are saturated fatty acid (35.1), mono-unsaturated fatty acid (24.6) and poly-unsaturated fatty acid (40.4). The energy density of the obesogenic diet is 2.7 kcal g À1 wet weight (or 4.5 kcal g À1 dry weight). The diet was made fresh every 2 days and glass jars were washed every 2 days. The obesogenic diet induces over-eating in rats due to its high palatability. 21, 22 All gestational and pup diets were provided ad libitum.
Design
Two groups of pregnant female rats (n ¼ 10 per group) were fed either the RV or the HV diet from day 3 of pregnancy until labor. At birth, each litter was culled to 10 pups to minimize the difference in milk availability. Litters of less than 10 pups were excluded. During lactation, the dams were fed only the RV diet. At weaning, 10 male and 10 female rats per gestational diet group were killed, and 20 males and 20 females from each gestational group were assigned to the obesogenic diet. At 14 weeks post-weaning, 10 males and 10 females from each gestational group were killed. The remaining 10 males and 10 females per gestational group were maintained to 48 weeks post-weaning.
Gestational vitamin intake and offspring obesity IMY Szeto et al Thus, 10 pups per sex (1 pup per dam) were formed for each dependent measure as earlier recommended. 23 Body weight was measured at birth, and weekly from 0 to 48 weeks post-weaning. Twenty-four hour food intake was measured once every 3 weeks to 24 weeks post-weaning. A 1-h food intake assessment was conducted every 4 weeks to 20 weeks post-weaning. After a 10-h overnight fast, rats were randomly assigned to be gavaged with either a glucose preload (0.375 g of glucose ml
À1
, 5 g of glucose per kg body weight) or a water preload. At 30 min after the gavage, food intake was measured for 1 h. After a washout day, rats were again fasted for 10 h overnight and gavaged with the opposite preload; 30 min after the gavage, food intake was measured for 1 h.
Oral glucose tolerance test (OGTT) was carried out at 0, 4, 9, 13 and 18 weeks post-weaning. The rats were fasted overnight for 10 h before the OGTT. At the beginning of OGTT, a blood sample was withdrawn from the capillary bed of the tail tip and baseline glucose was immediately assayed using a commercial glucometer (MediSense Precision Xtra, Abbott Laboratories, Abbott Park, IL, USA). The rats were then gavaged (0.375 g glucose ml
, 5 g of glucose per kg body weight), and blood glucose concentrations were determined 15, 30 and 60 min later.
Systolic blood pressure (SBP, mm Hg) was measured at 24, 28 and 44 weeks post-weaning by a non-invasive, light-based indirect blood pressure monitor (The BP-2000 Series II blood pressure monitor, Visitech Systems Inc., Apex, NC, USA). 24 The rats were acclimatized daily to the device, beginning 5 days before the measurement. On the day of measurement, between 1000 and 1300 hours, five mock measurements preceded a series of 10 measurements, of which only the latter were averaged to produce the blood pressure values.
At weaning and 14 weeks post-weaning, plasma samples were collected from trunk blood obtained immediately at the neck opening on decapitation. At 28 weeks post-weaning, blood sample was withdrawn from the capillary bed of the tail tip. The plasma glucose was measured using a plasmacompatible glucose oxidase kit (Bayers Ascensia Elite XL, Bayer HealthCare, Tarrytown, NY, USA). Plasma insulin, ghrelin (total) and corticosterone were determined using radioimmunoassay kits (Catalog no. RI-13K and GHRT-89HK purchased from Linco Research, St Charles, MO, USA; and Catalog no. 07-120103 purchased from MP Biomedicals, Orangeburg, NY, USA). Active GLP-1 concentrations in plasma were determined using an enzyme-linked immunosorbent assay (Catalog no. EGLP-35K purchased from Linco Research, St Charles, MO, USA).
Statistical analysis
For the 1-h food intake assessments, the total food intake after the water and glucose preload was analyzed, as well as the difference (D) in food intake between the water and glucose preloads. For the OGTT, blood glucose response was calculated as the net incremental area under the curve of the blood glucose concentration from 0 (fasting) to 60 min after the glucose gavage. Insulin resistance index was calculated as fasting glucose multiplied by fasting insulin. 25 At weaning to 14 weeks post-weaning, two male pups from the same dam were included in each group for a total of 20 pups per group. However, the BWs of pups born to the same dam were averaged to obtain only one value for each litter in recognition of the reduced variance within litter compared with that between litters. 23 The treatment effects on the BW, 24-h and short-term food intake, glucose response and SBP in the offspring were analyzed using the PROC MIXED MODEL procedure in SAS (Version 9.1, SAS Institute Inc., Carey, NC, USA) with gestational diets and age (post-weaning period) as the main factors in both experiments. In addition, the unpaired t-test was used to compare the means for the dependent measures at each of the post-weaning time points. Fasting glucose, insulin, ghrelin, corticosterone and GLP-1 between the groups were analyzed by unpaired t-test. Significance of difference was considered if Po0.05. All data are expressed as means±s.e.
Results
No difference was observed in litter size (13.0 ± 0.6 vs 13.5 ± 0.5 pups per litter in RV and HV groups, respectively) or BW at birth (8.3±0.3 vs 8.3±0.2 g, n ¼ 10 means per dam group). In male offspring, gestational diet (Po0.01) and age (Po0.0001) affected post-weaning BW, and there was a significant gestational diet Â age interaction (Po0.05), because the effect of the gestational diet was greater with increasing age of the offspring (Figure 1a) . At 12 weeks postweaning, male offspring from the HV dams were found to be 6% heavier (658.3±11.2 vs 624.2±12.2 g; Po0.05), and at 48 weeks, 17% heavier (1309.2 ± 72.0 vs 1118.4 ± 33.9 g; Po0.05). In female offspring, gestational diet (Po0.005) and age (Po0.0001) affected post-weaning BW, and there was a significant gestational diet Â age interaction (Po0.005) (Figure 1b) . At 7 weeks post-weaning, female offspring from the HV dams were found to be 8% heavier (320.6±6.0 vs 291.1±5.3 g; Po0.05), and at 48 weeks, 37% heavier (921.6 ± 52.9 vs 671.4 ± 34.0 g; Po0.001).
At 24 h post-weaning food intake was affected in male offspring by gestational diet (P ¼ 0.07) and age (Po0.0005), but there was no gestational diet Â age interaction (Figure 2a) . At 24 weeks post-weaning, male offspring from the HV dams had 22% higher 24-h food intake than those from dams on the RV diet (51.5 ± 3.1 vs 42.1 ± 2.5 g; Po0.05). In female offspring, gestational diet (Po0.05) and age (Po0.001) also affected 24-h post-weaning food intake, with no gestational diet Â age interaction (Figure 2b ). At 24 weeks post-weaning, female offspring from the HV dams had 34% higher 24-h food intake than those from dams on the RV diet (37.3±3.3 vs 27.9±1.4 g; Po0.05).
One-hour food intake after water preloads was affected by gestational diet (Po0.01) and age (Po0.01) in male offspring, but there was no interaction (Table 1) . Males from the HV dams ate more after the water preloads at 1 weeks (Po0.005), 4 weeks (Po0.05), 8 weeks (Po0.05), 12 weeks (Po0.05) and 20 weeks (Po0.05) post-weaning. Gestational diet (Po0.05), but not age, affected 1-h food intake after glucose preloads. After the glucose preloads, the males from the HV dams ate more at 4 weeks (Po0.005) and at 16 weeks (Po0.05) post-weaning. Difference in food intakes after water and glucose preload, as shown by the D value, was affected by gestational diet (P ¼ 0.07) and age (Po0.005). Males from the HV dams compensated less to the caloric preload (glucose) compared with those from RV dams. In female offspring, however, gestational diet did not affect 1-h food intake after water or glucose preload (Table 2) . Females from the HV dams ate more after the glucose preloads at 4 weeks (Po0.05) post-weaning. The 1-h food intake after the glucose preload was lower than that after the water preload in both male (Po0.01) and female groups (Po0.005).
Gestational diet did not affect fasting plasma glucose or insulin concentration in either of the male or female offspring at weaning (Tables 3 and 4) . However, fasting ghrelin and GLP-1 of the males from HV dams were 27% (Po0.05) and 32% (Po0.05) higher, respectively (Table 3) . At 14 weeks post-weaning, fasting ghrelin and GLP-1 were 29% (P ¼ 0.07) and 43% (Po0.05) higher, respectively. At 28 weeks post-weaning, fasting glucose of the males from HV dams was 11% (Po0.05) higher, but no difference was observed for fasting insulin and insulin resistance index. In female offspring from HV dams, fasting insulin and the insulin resistance index were 59% (Po0.05) and 76% (Po0.05) higher at 14 weeks post-weaning, and 31% (P ¼ 0.06) and 43% (Po0.05) at 28 weeks post-weaning, respectively (Table 4) . No difference was observed for fasting plasma corticosterone concentration in either male or female offspring at 0, 14 and 28 weeks post-weaning.
In male offspring, gestational diet (Po0.05) and postweaning age (Po0.01) interacted (Po0.05) in their effect on the blood glucose response during the OGTT (Figure 3a) . Response decreased with age in males from RV dams, but not in those from the HV dams. Blood glucose response (incremental area under the curve) at 13 and 18 weeks post-weaning of the male offspring from HV dams was 40% (Po0.05) and 45% (Po0.05) higher, respectively. In female offspring, gestational diet (Po0.05) and post-weaning age (Po0.01) interacted (Po0.01) in their effect on the blood glucose response during the OGTT (Figure 3b ). Response decreased with age in females from RV dams, but not in those from the HV dams. At 9, 13 and 18 weeks Gestational vitamin intake and offspring obesity IMY Szeto et al post-weaning, incremental area under the curve of the female offspring from HV dams was 47% (Po0.05), 36% (Po0.05) and 82% (Po0.05) higher, respectively.
Systolic blood pressure in male offspring was affected by gestational diet (Po0.05) and age (Po0.05) (Figure 4a ). At 24, 28 and 44 weeks post-weaning, SBP of the male offspring from HV dams was 19% (Po0.05), 20% (Po0.05) and 23% (Po0.01) higher, respectively. Gestational diet (Po0.01), but not age, affected SBP in female offspring (Figure 4b ). At 24, 28 and 44 weeks post-weaning, SBP of the female offspring from HV dams was 26% (Po0.05), 15% (Po0.05) and 16% (Po0.01) higher, respectively.
Discussion
The results of this study show that a high intake of multivitamins during pregnancy in Wistar rats accelerated and exacerbated the effect of an obesogenic diet on the phenotypic expression of obesity and components of the metabolic syndrome in the offspring. Both male and female offspring born to dams fed the HV diet and weaned to an obesogenic diet exhibited increased body weight, food intake, glucose intolerance and elevated blood pressure.
The importance of the postnatal nutritional environment and sex of the offspring on the expression of the effects of b Food intake after water and glucose preloads and the delta were analyzed using the PROC MIXED procedure with gestational diet and age (week) as main factors. Preload effects (water and glucose) were compared using the PROC MIXED procedure with preload treatment and gestational diet as main factors. ***Po0.005, **Po0.01, *Po0.05 by unpaired t-test within the same week and preload. Glucose was given by gavage (0.375 g glucose ml À1 ) at 5 g kg À1 body weight and water was given in the same volume as the glucose gavage. d The 1-h food intake after the glucose preload was lower than after the water preload in both groups (Po0.01). e Delta is calculated as (1-h food intake after water preload)À(1 h food intake after glucose preload). Data are means ± s.e.m.; N ¼ 8-10 means per group from week 1 to week 12 (each mean is the average food intake of two pups from the same litter). At 14 week post-weaning, one rat from each litter was killed, leaving N ¼ 10 per group in week 16 and 20. b Food intake after water and glucose preloads and the delta values were analyzed using the PROC MIXED procedure with gestational diet and age (week) as main factors. Preload effects (water and glucose) were compared using the PROC MIXED procedure with preload treatment and gestational diet as main factors. **Po0.01, *Po0.05 by unpaired t-test within the same week and preload. Glucose was given by gavage (0.375 g glucose per ml) at 5 g kg À1 body weight, and water was given in the same volume as the glucose gavage. d The 1-h food intake after the glucose preload was lower than that after the water preload in both groups (Po0.005). e Delta is calculated as (1-h food intake after water preload)À(1-h food intake after glucose preload).
Gestational vitamin intake and offspring obesity IMY Szeto et al the HV gestational diet is illustrated in this study. The obesogenic diet used in the post-weaning period was modeled after an earlier study that led to the development of obesity and insulin resistance in Sprague-Dawley rats when compared with a control-dry diet. 21, 22 Similarly, in this study, the obesogenic diet produced the obesity phenotype in all the offspring, independent of the gestational diets.
Compared with an earlier study in which the male offspring were weaned to the control AIN-93G diet, a diet not known to cause obesity, the males weaned to the obesogenic diet were 31% heavier (988 vs 753 g) at 28 weeks post-weaning. 17 Also, compared with the control AIN-93G powder diet, the obesogenic diet led to male offspring with 71% higher fasting plasma insulin (4.1 vs 2.4 ng ml
À1
), 83% higher insulin resistance index (26.5 vs 14.5 ng mM ml
) and 11% higher SBP (130 vs 118 mM) at 28 weeks post-weaning, and 41% greater blood glucose response (165 vs 117 min mM) at 18 weeks post-weaning. 17 In this study, whereas the effect of the obesogenic diet was apparent in the rats from RV dams, the effect of the HV gestational diet was amplified. Both male and female offspring were heavier and showed an enhanced increase in components of the metabolic syndrome.
The results in our study are consistent with another study showing that the effect of gestational diet on the phenotypic expression is dependent on the sex of the offspring. 26 The effect of feeding the female offspring the obesogenic diet on increased insulin resistance, food intake and earlier weight gain is consistent with that expected. Females have been shown to develop insulin resistance later than males in life, 27 and obesogenic diets accelerate their development of insulin resistance. 21, 28 In addition, after 16 weeks post-weaning, the increase in food intake was associated with insulin resistance in the females but not in the males. Their increased fasting insulin may also account for the better food intake control, as shown by a greater response to the glucose preload compared with the males. Our laboratory has shown that hyperinsulinemic men exhibited a greater reduction of food intake following a glucose load compared with normal insulinemic men. 29 Also, daily food intake was higher at all weeks except at 9 weeks post-weaning in the females but only after 12 weeks post-weaning in the male offspring, and increased earlier in life in the male rats compared with the females. Another difference between the sexes was shown by the lack of effect of the gestational diet on the magnitude of food intake suppression by a glucose load in females, but in males, the HV diet had a less impact on food intake reduction than in those from the RV dams. Males are more susceptible than female offspring to changes in gestational nutrition, 30, 31 possibly because of their faster growth rate compared with females. 8 At 13 weeks post-weaning, males had higher blood glucose response during OGTT and insulin resistance index, and at 28 weeks post-weaning, higher SBP than the females. Gestational vitamin intake and offspring obesity IMY Szeto et al
The cause of the increase in body weight and the expression of components of the metabolic syndrome may be due to the effect of the HV diet on the early development of intake regulatory mechanisms in the central nervous system. Both male and female rats from the HV dams were hyperphagic in early life, as shown by the higher food intake after preloads at 1 week post-weaning. Furthermore, evidence that the HV diet affected food intake regulatory mechanisms is provided by the higher fasting ghrelin level found at weaning and at week 14 in the males, although this was not observed in the females. Ghrelin is an orexigenic hormone, and its higher concentration at weaning suggests that male offspring from HV dams may be programmed to hyperphagia from an early age. 32 Fasting plasma GLP-1 concentration was also increased. Although GLP-1 is recognized as a satiety hormone, it is also involved in glucoregulation. 33 Its latter role may be the most important factor here and be an early predictor of the insulin resistance in later life. 32 The effect of the HV diet during pregnancy on the offspring phenotype is unlikely to have been generated from stress responses of the dams or the pups because there was no difference in litter size (13.0±0.6 vs 13.5±0.5 pups per litter in control and supplemented dam groups, respectively) and birth weight of the offspring (8.3 ± 0.3 vs 8.3 ± 0.2 g). Also, fasting corticosterone levels of the pups from both dam groups at weaning were similar (Table 3 and 4) . Furthermore, in an earlier study we found no effect on corticosterone levels in plasma of the dams after the lactation period. 17 Most importantly, as recorded in an earlier study, BWs of the RV and HV dams were similar 1 day before (369.3 ± 8.7 vs 367.7 ± 11.1 g) or 1 day after delivery (287.5 ± 7.9 vs 289.7±8.8 g).
The fortification of 8 of the 12 required vitamins in the HV diet were on average many times lower than that reported to cause teratogenic effects on the fetus. To date, the amounts Gestational vitamin intake and offspring obesity IMY Szeto et al that lead to toxicity for each vitamin have not been fully quantified. 20, 34 Folate addition at 20 times the recommended value in the AIN-93G diet (2 mg kg
) during pregnancy in Wistar rats has shown to lead to lower birth weight but not litter size. 19 Our HV diet was much lower in vitamins involved in methyl group metabolism than those used in earlier studies showing their epigenetic effects in the viable yellow Agouti mouse. Folate, vitamin B 12 and choline fed, respectively, at 9, 60 and 9 times the control diet with additions of betaine at 15 g per kg of diet during pregnancy and lactation were not reported to lead to effects on litter size or weaning weights. 13, 15 The mechanism by which the high multivitamin gestational diet modified the phenotype has not been defined, but the effect may be attributed to folate, vitamin B 12 , A and D. These vitamins are known to have an impact on gene expression in contrast to other vitamins that function primarily in coenzyme roles. Increased cytosine methylation within CpG dinucleotides of DNA has been found after pregnant mice were fed high dietary levels of methyl donors (betaine and choline) combined with methyl-metabolism cofactors (folate and vitamin B 12 ). 9 Besides the B-complex vitamins, fat-soluble vitamins are also candidates for the observed changes. Both vitamin A and D during pregnancy affect gene expression in the offspring. 35, 36 Excess vitamin A may affect gene methylation through a stress mechanism. Its derivative, 9-cis retinoic acid binds to retinoic X receptors, 37 which may affect gene methylation through the increased transport of glucocorticoids through the placenta. Retinoic acid reduced the expression of 11b-HSD2 in a trophoblastlike cell line that displays a number of functional similarities to the placental syncytiotrophoblast. 38 11b-HSD2
is an enzyme that metabolizes glucocorticoids transported to the placenta from the maternal side, and a reduced placental 11b-HSD2 activity because of stress can lead to higher glucocorticoid exposure to the fetus, and ultimately changes the development of the fetal hypothalamicpituitary-adrenal (HPA) axis. [39] [40] [41] In contrast, non-stressrelated mechanisms are also relevant. Retinoic acid, at a dose similar to that put in acne medication, increases the methyl transferase activity and diminishes the availability of S-adenosyl methionine in rats. 42 Also, these doses result in altered activity in serotonergic and dopaminergic neurons through activation of retinoic acid receptors that are abundant in the hypothalamus of adult rodent brains. 43 Thus, it can be suggested that high vitamin A intake during gestation may affect the development of intake regulatory mechanisms. Vitamin D intake during gestation also regulates gene expression. Vitamin D acts as a steroid hormone and interacts with both cell membrane receptors and nuclear vitamin D receptor proteins to modulate gene transcription, subsequently altering cell differentiation, proliferation and mineral homeostasis in the offspring. 36 The 1,25-hydroxy-D3 has been reported to transcribe or repress as many as 27 091 genes. 44 In addition, neonatal rats exposed to high amounts of vitamin D can lead to long-term adverse effects on the thymic glucocorticoid receptor density. 45 The relevance of these results to vitamin intakes consumed by pregnant women involved in the current obesity epidemic remains uncertain. However, a recent survey estimated intakes by pregnant women in Boston (MA, USA), particularly by those in the upper third quartile, to be between 2 and 7 times the recommended dietary allowances for 10 vitamins. 46 In addition, many multivitamin supplements recommended to pregnant women contain 2-5 times the requirements for B 12 , folate and B 6 . 47 Recently, the Motherisk Program in Toronto has proposed to increase the supplement dose of folic acid from 400 mg to 5 mg daily (12 times) for women of childbearing years and/or pregnant women, 48 which is much higher than the upper limit of 1000 mg set by the National Academy of Sciences, Washington, DC, USA. The adequate intake of vitamin D for women in the age group 19-50 years is 200 IU, but the Canadian Cancer Society is now recommending 1000 IU, and higher intakes (4000 IU) are being suggested during pregnancy and lactation based on 25-hydroxy-D status in plasma. 49 Neither the presumed benefits nor the potential adverse effects of these high intakes of vitamins have been well established.
In conclusion, the consumption of a high multivitamin diet during pregnancy increases the expression of postnatal obesity and metabolic syndrome in both female and male rats fed an obesogenic diet. The vitamins responsible for the observed effects remain to be identified.
